Toxicity data for tropical species are often lacking for ecological risk assessment. Consequently, tropical and subtropical countries use water quality criteria (WQC) derived from temperate species (e.g., United States, Canada, or Europe) to assess ecological risks in their aquatic systems, leaving an unknown margin of uncertainty. To address this issue, we use species sensitivity distributions of freshwater animal species to determine whether temperate datasets are adequately protective of tropical species assemblages for 18 chemical substances. The results indicate that the relative sensitivities of tropical and temperate species are noticeably different for some of these chemicals. For most metals, temperate species tend to be more sensitive than their tropical counterparts. However, for un-ionized ammonia, phenol, and some pesticides (e.g., chlorpyrifos), tropical species are probably more sensitive. On the basis of the results from objective comparisons of the ratio between temperate and tropical hazardous concentration values for 10% of species, or the 90% protection level, we recommend that an extrapolation factor of 10 should be applied when such surrogate temperate WQCs are used for tropical or subtropical regions and a priori knowledge on the sensitivity of tropical species is very limited or not available.
INTRODUCTION
Over 75% of global biodiversity is found in tropical ecosystems, which include highly productive wetlands, freshwater systems and marine environments (Lecher and Goldstein 1997) . Tropical environments occur between approximately 23.58N and 23.58S of the equator and are characterized by warm temperatures with little or no seasonality and heavy precipitation during at least 1 part of the year (Lecher and Goldstein 1997) . Tropical aquatic environments, therefore, differ ecologically from the habitats of temperate zones in both their physicochemical and biological attributes. The biodiversity in the subtropics and tropics is substantially higher than in temperate zones; thus, the number of species potentially affected by exposure to a particular pollutant is also greater. Unfortunately, many countries in the subtropics and tropics are developing nations, heavily populated, and rapidly becoming industrialized but lack the money, infrastructure, and other resources for advanced pollution controls. Therefore, tropical aquatic ecosystems are under increasing threat of environmental degradation (e.g., from the release of toxic substances through discharge of untreated industrial effluents to the aquatic environment; Kim et al. 2001) . To safeguard the important biodiversity in tropical aquatic ecosystems, the need to establish a sound framework for assessing and managing the ecological risks of an everincreasing number of chemicals that occur in these regions is urgent (Peters et al. 1997) .
The regulation of substances discharged to aquatic environments relies on data derived predominately from ecotoxicity tests (OECD 1995; Lam and Gray 2001) . Most of these data are generated by developed western countries and are based on temperate and coldwater species endemic to Europe and North America (Dyer et al. 1997; Kim et al. 2001) . In contrast, fewer toxicity data are available for species from tropical or subtropical regions (Lam and Wu 1999) . Because of this paucity of data, many tropical water quality criteria (WQC) rely on extrapolations from temperate data. This surrogate approach assumes that tropical species respond similarly to temperate species and that the distributions of tropical and temperate species sensitivities are sufficiently similar. However, these assumptions have yet to be tested. This study is designed to investigate the extent to which the sensitivity distributions of temperate species to toxicants coincide with those of tropical species.
Useful progress can be made by comparing the sensitivities of tropical and temperate species to the same chemicals. Several parametric and nonparametric approaches now exist for estimating species sensitivity distributions (SSDs) on the basis of laboratory toxicity data (Stephan et al. 1985; Wagner and Lokke 1991; Aldenberg and Jaworska 2000; Campbell et al. 2000; Newman et al. 2000; Grist et al. 2002; . Most approaches involve fitting a distribution to toxicity data for different species, which provides information about the range of species sensitivity to a particular chemical and the concentration predicted to affect only a small proportion (typically 5% or 10%) of species (Versteeg et al. 1999) . The median or lower confidence limit on this parameter can be taken to represent the WQC (Aldenberg and Slob 1993; Maltby et al. 2005) . When toxicity data are plotted as SSDs, the relationship between tropical and temperate data can be visualized and compared (Leung et al. 2001; Maltby et al. 2005) . If tropical and temperate toxicity data are similar or related in a systematic and predictable way, the former can be used to predict the latter with confidence. This would bring substantial socioeconomic benefits to tropical nations from significantly reduced requirements for additional toxicity testing without compromising environmental protection. The results of this study are therefore important for ecological risk assessment and environmental management in the tropical region.
METHODS

Data mining
Acute median lethality data (LC50) for freshwater animal organisms from tropical and temperate regions were found for 18 chemicals (ammonia; 9 metals: arsenic, cadmium, chromium, copper, lead, mercury, nickel, silver, and zinc; 6 pesticides: carbaryl, chlordane, chlorpyrifos, DDT, lindane, and malathion; 2 narcotics: pentachlorophenol [PCP] and phenol). Data were extracted from the US Environmental Protection Agency [USEPA] ECOTOX toxicology database (http://www.epa.gov/ecotox/), Pesticide Action Network (North America) database, European Centre for Ecotoxicology and Toxicology of Chemicals ECETOC database, peerreviewed literature, data presented in Maltby et al. (2005) , and government and consultancy reports. The original data sources were reviewed and the qualities of the data were determined according to the criteria suggested by ; only data with quality 2b or above were used in the analysis. Quality 2b data were generated from moderately reliable studies, including tests based on nominal concentrations and tests without reporting the control mortality . Multiple data for the same species were summarized as geometric means .
To standardize the toxicity of ammonia, un-ionized ammonia concentration was used instead of total ammonia concentration for constructing the SSD. When LC50 data were expressed as un-ionized ammonia concentrations in the source literature, they were used directly for SSD construction. Otherwise, they were calculated with the equation of Erickson (1985) on the basis of the LC50 of total ammonia and testing conditions (i.e., pH and temperature).
Construction of species sensitivity distributions
Data for each substance were classified into 2 climatic region classes according to where the test species were collected. Test organisms collected between approximately 23.58N and 23.58S of the equator were classified as tropical, whereas those collected outside this area were classified as temperate. If the source of the test species was not mentioned in the data source, the known species distribution range was used for classification. Species sensitivity distributions were constructed on the basis of the rank of sensitivity against LC50 values . There are many methods for fitting the SSD so that hazardous concentrations corresponding to 95% and 90% protection (HC5 and HC10) can be estimated. In this study, HC10 was chosen as an acute predicted no-effect concentration (acute PNEC) and the point for comparison between tropical and temperate species sensitivities because HC10 is derived with a higher certainty than HC5 and it has been adopted as a convenient working criterion for deriving WQC (Solomon et al. 2001) . To allow consideration of variations among HC10 values derived by various SSD fitting approaches, we used the 4 most common approaches in this study, namely, 1) parametric model fitting approach (log-normal model [Wagner and Lokke 1991] or log-logistic model [Aldenberg and Slob 1993] ), 2) nonparametric bootstrap approach (Newman et al. 2000) , 3) bootstrap regression approach , and 4) the logtriangular approach suggested by Stephan et al. (1985) . The 1st method applies the standard parametric model for fitting the SSD, and its accuracy is primarily dependent on the goodness of fit. Thus, in this study, we only used the best fit model (log-normal or log-logistic) to derive the HC10. Any chemical with the SSD (tropical or temperate) that could not be fit by either parametric model would not be analyzed by method 1. Although bootstrap is a nonparametric or distributional free method, it requires a relatively large sample size (e.g., n 20 and n 10 for deriving HC5 and HC10, respectively; Grist et al. 2002) . However, it is often the case that there is very limited ecotoxicity data, especially for tropical species; thus, the conventional bootstrap approach is not applicable. The bootstrap regression approach, which is a compromise between parametric regression and nonparametric resampling, can be used to estimate any HC value, even with a small dataset (i.e., 5 n 9; Grist et al. 2002) . This hybrid technique also allows the calculation of the confidence limits around the point estimate. The final approach of Stephan et al. (1985) is only concerned with the lower tails of the SSD and derives the HC5 by fitting a linear regression model through 4 data points surrounding the 5% region. In this study, we applied a slight modification to this approach by employing the 4 data points of cumulative probabilities closest to the 10% region instead of the 5% region for estimating the HC10. In some cases, this could include data points of cumulative probabilities higher or lower than the 10% region.
Model fits of log-normal and log-logistic SSDs were examined by the Kolmogorov-Smirnov (KS) goodness of fit test for continuous data (Zar 1999 ). The best model fit was determined by comparing error root mean square (error RMS) of the 2 models. In addition, the Anderson-Darling (AD) test (Anderson and Darling 1954) was conducted for all log-normal SSDs to examine the fit of data at the lower tail of the SSDs. Species sensitivity distributions that did not pass the KS or AD test were excluded from the subsequent derivation of a temperate-to-tropical extrapolation factor. Visual inspection of model fit was also applied when the goodness of fit results were marginal.
Comparison of sensitivities of tropical and temperate species
For each SSD, HC10 values and their 95% confidence limits (CLs) were estimated from each of the 4 different approaches as mentioned above. First, they were derived from best fit parametric SSDs (log-normal or log-logistic model) that were indicated by smaller RMS error with a good model fit (as indicated by KS and AD tests). Second, the HC10 values were estimated from the conventional nonparametric bootstrap method; however, this method excluded 4 chemicals with n , 10 in the tropical dataset (i.e., arsenic, silver, nickel. and chlordane; Table 1 ). Third, the bootstrap regression was used to derive HC10 values of the 4 chemicals with n , 10 tropical data points, and these results were incorporated with those obtained from the conventional bootstrapping for further analysis. Fourth, for each SSD, an HC10 value was also derived following a modified method of Stephan et al. (1985) as described above.
For each chemical, an HC10 ratio between the 2 climatic regions was defined as temperate HC10/tropical HC10 for the same chemical. For HC10 values derived from parametric SSDs, the HC10 ratio and its 95% CI were generated by Monte Carlo simulation. In each simulation, 1 HC10 value was randomly selected from each of the 2 parametric distributions of the HC10 value to compute the HC10 ratio. In total, 5,000 iterations of such a simulation were applied so as to obtain 5,000 HC10 ratios, from which the ratio and its 95% CI were determined at 50 percentile and 2.5 to 97.5 percentiles, respectively. Double bootstrapping was used to estimate the 95% CI for the HC10 ratios derived from HC10 values that were generated from nonparametric bootstrap or bootstrap regression. In the 1st stage of bootstrapping, 5,000 samples were generated by resampling. In the bootstrap regression cases, residuals from fitting a parametric function were chosen, whereas in the nonparametric cases, quantiles on the SSD were chosen as parameters of the resampling. In the 2nd stage of bootstrapping, 2(5,000) 1/2 samples (rounded to the nearest integer) were generated by bootstrapping from the 5,000 samples in the 1st stage of bootstrapping (Hall 1992) . The 95% confidence limits were then determined as the 2.5 and 97.5 percentiles of the bootstrap-generated samples.
Meta-analysis for deriving safe extrapolation factors
For each of the 4 approaches, each substance was ranked and assigned percentiles according to its HC10 ratios. These HC10 ratios were then fit to the log-normal model. Subsequently, safe extrapolation factors covering 90%, 95%, and 99% of all chemicals were computed by inverse prediction (see for tropical regions. As a consequence, 4 sets of extrapolation factors derived with the use of the HC10 values obtained from the 4 different approaches, respectively, were compared. With careful consideration of these values, a practical extrapolation factor (or assessment factor) was finally proposed.
Comparison of test temperatures
Geometric means of the test temperature of each species were taken from available data. Mann-Whitney tests were performed for each chemical to test for significant differences in the test temperature between the tropical and temperate regions. A Wilcoxon test was used to examine whether the overall test temperature, across all tested chemicals, differed between tropical and temperate ecotoxicity tests.
RESULTS
Tropical tests were conducted at a significantly higher temperature than temperate tests for 13 of the 18 tested chemicals (Table 2) . Across all chemicals, a Wilcoxon test also indicated that tropical tests were in general conducted at a significantly higher temperature (Z ¼ 3.623; df 1, 17; p , 0.001) with a median temperature difference of 5.3 8C.
The SSDs of the 18 chemicals for both temperate and tropical species are shown in Figures 1 to 3 . The species composition of each SSD is also given. Regression parameters of tropical and temperate SSDs for each individual chemical are summarized in Table 1 while the chemical-specific HC10 ratios and their 95% CI values are summarized in Table 3 .
SSDs and their species composition
For the parametric SSDs, the log-normal approach generally gave a better model fit than the log-logistic approach for the majority of the datasets (Table 1) . However, parametric methods (log-normal and log-logistic approach) did not provide SSDs of satisfactory goodness of fit for 9 chemicals (Table 1) . Only 1 SSD failed the KS test (tropical arsenic SSD) while 13 SSDs failed the AD test (Table 1) .
Un-ionized ammonia-Both datasets of un-ionized ammonia contained large proportions of fish and crustacean data ( Figure 1 ; tropical: 70% and 20%; temperate: 32% and 29% respectively). Parametric SSDs showed good fit to both tropical and temperate datasets (Table 1) . In general, tropical species tend to be more sensitive to un-ionized ammonia ( Figure 1 ).
Trace metals-For trace metals, more data were available for temperate species than for tropical species (Table 1) . With the exception of the tropical arsenic dataset, most metal datasets contained data from a wide spectrum of taxa, with fish and crustaceans being the most abundant groups (Figure 2 , pie charts). Parametric SSDs for 6 metals were of good fit. Temperate chromium, copper, and silver failed the AD test, whereas tropical arsenic SSD failed both the KS and AD tests (Table 1) . Temperate chromium SSD failed the AD test, but that was mostly attributable to the misfit at the upper tail ( Figure 2c) ; therefore, HC10 values of chromium were still derived and used in the subsequent meta-analysis. The majority of metals (i.e., cadmium, chromium, copper, lead, mercury, and nickel) were more toxic to temperate species than tropical species (Figure 2 ), but tropical species were more sensitive to zinc. For arsenic and silver, differences between temperate and tropical SSDs were somewhat less obvious, possibly because of insufficient tropical data.
Pesticides-Tropical species data for pesticides were generally limited (Table 1) . Mollusk data were especially lacking because no tropical or temperate mollusk data were found for 5 pesticides ( Figure 2 and Table 4 ). Temperate datasets were largely made up of fish, crustacean, and insect data ( Figure 3 , pie charts), whereas tropical datasets, except for chlorpyrifos, contained mostly fish data ( Figure 3 , pie charts). Many pesticide datasets did not appear to conform to shapes of common parametric distributions (Figure 3 ), limiting the use of parametric SSDs. Of all the pesticides, the parametric SSDs of lindane and malathion have a sufficient goodness of fit to derive HC10 values subsequently, whereas all other pesticide parametric SSDs did not show good fit (Table 1) . Table 1 .
Comparison of the temperate and tropical species sensitivity distributions of parametric log-normal model, y ¼ ax þ b, and log-logistic model, y
and Stephan et al. (1985) log-triangular approach, y Generally speaking, temperate species were more sensitive to carbaryl, DDT, and malathion, whereas tropical species were more sensitive to chlorpyrifos (Figure 3 ). For lindane, both temperate and tropical SSDs converge and merge at the lower tails, indicating similar species sensitivity. Because of scarcity of tropical data, the difference between temperate and tropical chlordane SSDs is less obvious. Narcotics-More data were available for PCP than for phenol (Table 1) . Fish, crustacean, and insect data contributed most of the data in the datasets of the 2 narcotics (Figure 3g and h, pie charts). Parametric SSDs of phenol were of good fit, but temperate PCP SSD failed the AD test (Table 1) . For both chemicals, the patterns of the temperate and tropical species sensitivity were similar because the shapes of the data distribution were alike (Figure 3g and h; i.e., tropical species generally appeared to be slightly more sensitive at the lower tail of the distributions, whereas sensitivities of tropical and temperate species became similar at the middle of the distributions).
Derivation of HC10 values and HC10 ratios
HC10 values derived from the 4 different approaches were of comparable magnitudes (Table 3 ). Temperate to tropical HC10 ratios showed large variations among different chemicals, ranging from 0.013 to 16.2 (Table 3) . When the HC10 ratio is larger than 1, it indicates that tropical species could be more sensitive to that chemical than temperate ones and vice versa. Eleven of the 18 chemicals had HC10 ratios smaller than 1, whereas 6 had temperate to tropical HC10 ratios larger than 1. The 1 exception was the HC10 ratio for PCP, which could be less than or greater than 1 depending on the SSD approach used (Table 3) . These results suggested that the acute sensitivities of tropical and temperate freshwater organisms are different for different chemicals.
For un-ionized ammonia, a large difference was found between the HC10 values of temperate and tropical species. The HC10 ratio of un-ionized ammonia was larger than 1 from all SSD approaches, suggesting that tropical species are likely more sensitive to un-ionized ammonia than temperate ones. The temperate-to-tropical HC10 ratio ranged from 2.4 to 4.3 on the basis of the model of SSD used (Table 3) . For most metals, temperate species are possibly more sensitive than tropical species, as indicated by having HC10 ratios smaller than 1. But for zinc and arsenic, their HC10 ratios were larger than 1, ranging from 2 to 16 (Table 3 ), indicating that tropical species are likely to be more sensitive to these 2 metals.
Among the pesticides, tropical species appeared to be more sensitive to chlorpyrifos and chlordane, as indicated by the HC10 ratios larger than 1 (Table 3) . For carbaryl, DDT, lindane, and malathion, temperate species were likely to be more sensitive, as indicated by the small HC10 ratios (Table  3) . Chlorpyrifos was also the most toxic chemical examined in this study, as suggested by the smallest HC10 values when compared with other chemicals. For naroctics, the HC10 ratio of phenol was larger than 1 ( Table 3 ), suggesting that tropical species are possibly more sensitive. However, the sensitivities of tropical and temperate species to PCP was unclear because it had an HC10 ratio larger than 1 with the use of bootstrap regression and Stephan et al. (1985) approaches, but the ratio was smaller than 1 with the use of conventional nonparametric bootstrapping.
Temperate freshwater organisms are more sensitive to 7 of the 9 metals (except zinc and arsenic) and 4 of the 6 pesticides (except chlordane and chlorpyrifos; Table 3 ). Besides, their tropical counterparts are more sensitive to ammonia and phenol (Table 3) . Across all chemicals, however, there were no consistent differences in the relative sensitivity of tropical and temperate species.
Meta-analysis for deriving appropriate temperate to tropical extrapolation factors
As described in Methods, extrapolation factors were derived with HC10 ratios derived from the 4 different approaches. The best fit parametric SSD model was only valid for 10 chemicals (ammonia, cadmium, chromium, lead, mercury, nickel, zinc, lindane, malathion, and phenol) with a satisfactory goodness of fit. On the basis of these 10 chemicals, an extrapolation factor of 13.8 was derived, which covers 95% of all chemicals with a 90% protection level for the aquatic species assemblage (Figure 4a ). An extrapolation factor of about 9.6 (at the same protection level) was derived from 14 HC10 ratios, which were obtained from the conventional nonparametric bootstrap (Figure 4b ). The extrapolation factor was slightly increased from 9.6 to 10.9 by adding the HC10 ratios of 4 more chemicals derived from the bootstrap regression to those obtained with the use of the 2nd approach ( Figure 4c) . Finally, the modified Stephan et al. (1985) approach yielded a comparable extrapolation factor of 13.4 (Figure 4d ). The average of these 4 extrapolation factors is 11.9 (62.0; 6SD). For ease of use, we suggest that an extrapolation factor of 10 should be applied when chemicals have not been tested with tropical species and surrogate temperate WQCs (or environmental quality standards) are adopted in tropical regions. If it is decided that a less conservative approach is needed, a factor of 6 (mean 6.1 6 0.8), covering 90% of chemicals with 90% protection level, could be used. It should be noted that the toxicity data for tropical species for 61% to 63% of chemicals would be covered (Figure 4 ) if no extrapolation factors were applied (i.e., a factor of 1) when adopting temperate WQCs for protecting freshwater species in tropical regions, and that an extrapolation factor of 10 could be overprotective in approximately 95% of cases.
DISCUSSION
Differences in sensitivity to toxic chemicals of species from different climatic zones, although recognized, have not, to our knowledge, been thoroughly investigated. The Canadian protocol for derivation of water quality guidelines for protection of aquatic life and USEPA Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) guidelines recognize the potential difference between species from different climatic zones by requiring toxicity data for a coldwater fish and a warm water fish species (Canadian Council of Ministers of the Environment 1991; FIFRA 1996) . Results from this study indicate that tropical and temperate species do differ in sensitivity to different chemical classes (e.g., most trace metals were more toxic to temperate species). Such differences are probably attributable to several potential factors, including differences in the modes of toxic action among the test compounds, temperature-related differences in metabolism, uptake and detoxification between tropical and temperate species, and the species composition of the SSDs.
How well the observed difference in sensitivities of tropical and temperate species reflects the true environmental picture will be influenced by 2 main factors: 1) Biological differences between tropical and temperate organisms and 2) differences in testing methodology and conditions (e.g., temperature) that lead to systematic differences in estimates of toxicity.
Temperature-biota interactions
In this study, we confirm that most tropical ecotoxicity tests have been conducted at higher temperatures (;5.7 8C) than for temperate tests. In fact, optimal test temperatures for tropical species are about 20 to 25 8C, whereas optimum test temperatures for temperate species are about 12 to 18 8C (Doudoroff et al. 1951 ). Tropical and temperate aquatic invertebrates differ in their physiologies and life histories, with concomitant implications for sensitivity to toxicants. On the basis of the metabolic principle (Q 10 ), it has been hypothesized that tropical aquatic species should be more sensitive to toxic chemicals than their temperate counterparts (Castillo et al. 1997) . Previous laboratory studies suggested that the risk of toxicity to an aquatic organism appears to increase with temperature (Sprague 1985; Viswanathan and Murti 1989; Brecken-Folse et al. 1994; Willis et al. 1995; Lydy et al. 1999; Kwok and Leung 2005) . In general, the solubility of the toxicant in water and the rates of uptake and circulation in the test organism are higher at elevated temperatures. Indeed ectothermic aquatic organisms experience the double bind of reduced dissolved oxygen and increased metabolic rates as water temperature increases (Cairns et al. 1975; Rathore and Khangarot 2002) . This might increase the amount of energy expended to meet their respiratory gas exchange requirements, which could ultimately exacerbate toxic effects. In contrast, as metabolic rate increases, biochemical detoxification and elimination of the chemical might also increase with temperature, which could eventually reduce chemical toxicity (Howe et al. 1994) .
How these mechanisms operate and their relationship with temperature appears to be both species and chemical specific. appeared to be more sensitive than tropical species. In contrast, Markich and Camilleri (1997) found no difference in the sensitivity of the tropical Australian fish purple striped gudgeon (Mogurnda mogurnda) and the temperate US fish species to copper and uranium. Perschbacher (2005) has recently showed that the toxicity of copper to the temperate catfish Ictalurus punctatus also increases with decreasing temperature. Perschbacher (2005) proposed that such an increase in toxicity might be associated with reduced resistance mechanisms to copper at lower temperatures, including decreased enzyme production and rates of activity, decreased membrane transport and clearance rates from the body, and decreased mucus production (Sprague 1985; Perschbacher 2005) . In zebrafish Danio rerio embryos, cadmium toxicity was greatest at low temperatures, then at high temperatures, and was lowest at an intermediate temperature (Hallare et al. 2005) .
Temperature-toxicity relationships in invertebrates are also complex. For example, the toxicity of some trace metals to the tubificid worm Tubifex tubifex is greatest at intermediate temperatures, whereas toxicity generally increases with increasing temperatures (Rathore and Khangarot 2002) . The toxicity of phenol to the aquatic sowbug Asellus aquaticus is greater at lower temperatures than at higher temperatures, with the lowest toxicity at an intermediate temperature (Cebrian et al. 1993) . In contrast, the sensitivity of the redswamp crayfish Procambarus clarkii toward lindane appeared to be unaffected by temperature change (Green et al. 1988) . These complex and contradictory findings invite further study and validation with a wider range of chemicals and species (including more invertebrate phyla).
The influence of temperature on the chemistry of bioassay systems could be as important as, and difficult to separate from, the biological effects of temperature. Some internationally recognized test guidelines (e.g., OECD guidelines) permit considerable freedom in the way that toxicity tests are performed, analyzed, and reported. Differences between test methods for related tropical and temperate species are likely to be a major source of variability (Whitehouse et al. 1996; Worboys et al. 2002) . Tropical tests were conducted at significantly higher temperatures than temperate tests for 13 of the chemicals examined in this paper (Table 2 ). Higher test temperatures in toxicity tests with tropical species might lead to an increase in the bioavailability of some chemicals in the test solutions, making tropical species appear to be more sensitive. The extrinsic effect of temperature because of higher test temperature of tropical species and intrinsic differences in sensitivities between tropical and temperate species are difficult to decouple. However, because tropical environments experience higher temperatures than temperate environments, the 2 effects are likely to act together in the natural environment; therefore, although decoupling the effects of these 2 parameters is scientifically interesting, it is not environmentally relevant.
Data availability and data quality
Differences in the availability of toxicity data for different taxa could also introduce bias into SSDs. We cannot, a priori, assume that an SSD with 7 to 70 species of 3 to 10 different taxonomic groups can fully represent all species present in the natural environment and thereby provide an accurate picture of underlying species sensitivity. However, this uncertainty can never be removed completely until we have toxicity data for all species that occur in an ecosystem. To deal with such extrapolation uncertainty (i.e., from a few species to the field situation), the knowledge gaps need to be filled by generating new tropical and temperate toxicity data for several chemicals for taxa currently underrepresented in, or absent from, datasets. During this study, we have also identified toxicity data gaps for these 18 selected chemicals (Table 4) . As anticipated, more temperate toxicity data are available than for tropical species (e.g., tropical mollusk data were missing for almost half of the chemicals examined). Further toxicity tests are required to generate acute and chronic ecotoxicity data to fill these knowledge gaps and to increase confidence in predicting tropical WQCs.
Because of limited availability of toxicity data, especially tropical data, data from ecotoxicity tests with nominal 12, 198, 14, 872) -concentrations or unreported control mortality were used in this study. The majority of tropical toxicity data was based on nominal concentrations, whereas a few data sources did not report control mortality. In general, the quality of temperate toxicity data were higher because they often consist of standard test organisms for which toxicity test procedures were highly standardized. The lower quality of tropical data could be a source of uncertainty or systematic bias in this study. In addition, several other confounding factors, such as difference in exposure periods, water hardness, and pH (USEPA 1985) could have affected the conclusions of this study. However, because of the limited tropical data, standardization of these test conditions would have resulted in insufficient data for analysis. This also highlights the importance of conducting good quality toxicity tests with the use of tropical organisms to fill the data gaps recognized and to explain this issue more explicitly.
Species composition of SSDs
Species sensitivity distribution models assume a random selection of test species, which is rarely the case Calow 2002a, 2002b ). Indeed, a major cause of differences between sensitivity distributions of tropical and temperate organisms could be due to differences in the taxonomic composition of the datasets. Difference in species composition between tropical and temperate SSDs were most evident for pesticides because tropical datasets contained much higher proportions of fish data whereas temperate datasets contained large proportions of fish, crustacean, and insect data (Figure 3 , pie charts). Furthermore, SSDs constructed with the use of all available data from different taxa might contain several subdistributions, possibly related to taxonomic differences in sensitivity (Newman et al. 2000) that might not be adequately described by a parametric regression model. This is especially evident in the SSDs for pesticides in this study (e.g., DDT and PCP; Figure 3d and g). For instance, pesticides often exhibit a specific mode of action; thus, a single parametric SSD model might not be able to describe the sensitivity of all taxa. In such cases, Maltby et al. (2005) suggested that the SSD should be based on the most sensitive taxonomic group, for which the parametric model fit would be better.
To investigate this, SSDs could be constructed with the use of organisms from the same phylum or order with the use of crustacean or fish data only (Solomon and Sibley 2002; Maltby et al. 2005) . Such taxa-specific SSD comparisons are essential to help identify the sensitive or tolerant taxonomic group(s) to the test chemical (Maltby et al. 2005) , and the results are also complementary to those based on SSDs constructed with all available species.
Choice of SSD approaches
The parametric approach (i.e., log-normal or log-logistic model) is mathematically simple to use and has been widely used in probabilistic risk assessments for pesticides (Solomon et al. 1996; Giesy et al. 1999; Hall et al. 2000) . However, the problem of poor goodness of fit limited its use in this and other studies. Newman et al. (2000) , for example, has shown that 15 of 30 datasets tested failed conformity tests for the 
Indicates that taxonomic group is missing.
log-normal distribution. Similar results were observed in this study, in which 13 of 23 datasets failed the AD goodness of fit test (Table 1) . Also during the derivation of the Australian and New Zealand water quality guidelines (ANZECC and ARMCANZ 2000) , it was found that the log-logistic distribution failed to fit approximately one third of the datasets (MStJ Warne, Ecotoxicology Section, Environment Protection Authority New South Wales, Australia, personal communication). The use of a nonparametric approach can avoid the problem associated with goodness of fit; however, estimation of HCx values might be limited by the number of data points. For instance, to estimate HC10 value of a dataset, at least 10 data points are needed. The results of this study, nonetheless, indicate that the choice of SSD approaches does not affect the overall pattern of sensitivity differences between tropical and temperate species. In general, temperate freshwater organisms are more sensitive to metals, whereas their tropical counterparts are more sensitive to ammonia, phenol, and some pesticides (Table 3) . This difference in sensitivities of tropical and temperate species did not appear to be consistent (HC10 ratios varied from 0.013 to 16.2). Therefore, it would be difficult to predict tropical species Figure 4 . Relationship between temperate/tropical hazardous concentration for 10% (HC10) of species ratios and chemical classes on the basis of (a) best fit parametric species sensitivity distributions (SSDs) (log-normal or log-logistic SSDs) with good model fit; (b) nonparametric bootstrap SSD, excluding the 4 chemicals with fewer than 10 data points in the tropical; (c) HC10 values of (b) plus HC10 values of bootstrap regression SSDs of the 4 chemicals with fewer than 10 tropical data points; and (d) HC10 values derived using the approach of Stephan et al. (1985) . Horizontal error bars denote the 95% confidence limits of the HC10 ratios.
sensitivity toward a new chemical solely on the basis of temperate data.
Comparison with other similar studies
Two similar studies comparing sensitivities of tropical and temperate freshwater species on the basis of acute data of a single taxonomic group to pesticides (Dyer et al. 1997; Maltby et al. 2005) have also demonstrated some differences in species sensitivity between the 2 climate regions, although such differences are not substantial. On the basis of arthropod data, Maltby et al. (2005) compared sensitivities of tropical and temperate arthropods to 3 pesticides (chlorpyrifos, fenitrothion, carbofuran) with the use of log-normal SSD and demonstrated that tropical HC5 values were consistently smaller than the temperate HC5 values of all 3 pesticides, although these differences were not statistically significant. Dyer et al. (1997) compared medians of LC50 values of 4 pesticides (carbaryl, DDT, lindane, and malathion) and 2 narcotics (phenol and PCP) solely on the basis of fish species. They concluded that no apparent difference in sensitivity was observed between tropical and temperate fish species, but sensitivity between coldwater and temperate fish species, as well as coldwater and tropical fish species, for most of these 6 chemicals were significantly different. Some discrepancies exist between the results from this study and that of Dyer et al. (1997) , which could be due to differences in the methods employed, the taxa chosen for comparison, and the number of chemicals and chemical class compared. Unlike their studies, we used a ''universal'' collection of species in the SSDs and also compared the species sensitivity to trace metals between tropical and temperate species.
Comparison with other extrapolation factors
On the basis of the results of objective comparisons of HC10 ratios between temperate and tropical freshwater animal species, we recommend an extrapolation factor of approximately 10 for coverage of 95% of chemicals with 90% protection level, if a priori knowledge on the sensitivity of tropical species is very limited or not available. Calabrese and Baldwin (1993) suggested extrapolation factors from 10 to 1,000 when extrapolating between different levels of the classification hierarchy (Table 5) . Our suggested extrapolation factor (i.e., 10) not only fits well within the range of documented factors but is also reasonable and practical. If there is a desire to reduce the level of environmental protection offered or the magnitude of the extrapolation factor and the consequent cost of protection, regulatory authorities might consider applying a factor of 6 (covering 90% of chemicals with 90% of protection level). Even the smaller extrapolation factor will provide considerably improved protection over the current practice of using surrogate WQCs directly in tropical or subtropical regions.
CONCLUSIONS
These SSD comparisons demonstrate differences in species sensitivities to different chemicals between tropical and temperate aquatic organisms. For 6 of the 18 chemicals examined (ammonia, arsenic, zinc, chlorpyrifos, chlordane, and phenol), tropical organisms are likely to be more sensitive than temperate ones. For chemicals that have never been tested with tropical species, or when there is insufficient toxicity data for tropical species, an extrapolation factor should be applied to temperate data. The magnitude of this extrapolation should be flexible, whereas small factors of 6 (protective for 90% of species for 90% of chemicals) to 12 (protective for 90% of species for 95% of chemicals; 10 for ease of use) could greatly increase the safety margin to safeguard tropical species. Without extrapolation, a factor of 1 would protect 90% of species for more than 60% of chemicals. However, further validation of these factors is required by conducting ecotoxicity tests for currently untested chemicals with the use of both tropical and temperate species. This study also revealed some major toxicity data gaps for tropical regions-in particular, a lack of mollusk data.
With rapid population growth, industrialization, and urbanization in the tropics and subtropics, more chemicals are likely to be released into tropical aquatic systems. To protect limited freshwater resources and unique aquatic biodiversities, it is important that regulatory authorities establish legislation with appropriate water quality guidelines and effective enforcement. In this study, we provide an initial derivation of a defensible extrapolation factor for tropical countries to apply for regulatory purposes if adopting PNECs or toxicity data derived from temperate species. a Obtained from Calabrese and Baldwin (1993) . b Obtained from Sloof et al. (1986) . c Obtained from Leung et al. (2001) . d This study.
